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Stress-controlled isothermal fatigue experiments were performed at room temperature (RT) and

538 C (in argon) on [0]8 SCS6/Ti 15-3 metal matrix composites (MMCs) with 15 and 41 volume

percent SCS6 (SIC) fibers. The primary objectives were to evaluate the mechanical responses, and

to obtain a clear understanding of the damage mechanisms leading to failure of the MMCs. The

mechanical data indicated that strain ranges attained fairly constant values in the stress-controlled

experiments at both RT and 538 C, and remained so for more than 85% of fife. The fatigue data

for MMCs with different volume fraction fibers showed that MMC life was controlled by the

imposed strain range rather than the stress range. At RT, and at low and intermediate strain

ranges, the dominant fatigue mechanism was matrix fatigue, and this was confirmed

metallurgically from fractographic evidence as well as from observations of channel type

dislocation structures in the matrix of fatigued MMC specimens. Reaction-zone cracks acted as

important crack initiating sites at RT, with their role being to facilitate slip band formation and

consequent matrix crack initiation through classical fatigue mechanisms. MMC life agreed with

matrix life at the lower strain ranges, but was smaller than matrix life at higher strain ranges.

Unlike the case of monotonic deformation, debonding damage was another major damage

mechanism during fatigue at RT, and it increased for higher strain ranges. At high strain ranges at

RT, fractography and metallography showed an absence of matrix cracks, but long lengths of

debonds in the outer layers of the SCS6 fibers. Such debonding and consequent rubbing during

fatigue is believed to have caused fiber damage and their failure at high strain ranges. Thus,

whereas life was matrix dominated at low and intermediate strain ranges, it was fiber dominated at

high strain ranges. At 538 C, the mean strain constantly increased (ratchetting) with the number of

cycIes. At high strain ranges, such ratchetting led to overload failure of the fibers, and debonding

of the type at RT was very small. At intermediate strain ranges, fractography showed large areas

of matrix cracks. However, in spite of this matrix dominated mechanism, the MMC life at elevated

temperatures was significantly less than the matrix fatigue life at all strain ranges. The reason for

this difference is still unclear, although metallographic and fractographic evidences suggest that

internal crack initiation sites at Mo-ribbons and reaction-zone cracks may have played a critical

role, with the former tending to dominate.

*Currently with Universal Energy Systems, Inc., Dayton, Ohio.
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INTRODUCTION

Structural designs with metal matrix composites (MMCs) require not only knowledge of the

material's mechanical response, but also understanding of the inelastic deformation and failure

mechanisms. This is because the redistribution of stresses and strains between each constituent in

the MMC can drastically alter the way damage and failure evolve in the MMC from one loading

situation to another, requiring that the design methodology take into account all possible damage

modes. Additionally, the knowledge of mechanisms help in the development of improved MMC

architecture and processing mutes.

In references [1-6], we had investigated the inelastic damage and plasticity mechanisms of a

SCS6/Ti-15-3 MMC (a model Ti-based MMC) under tension and limited creep loading situations.

In this work, we have extended the previous concepts to fatigue deformation. The overall

objective was to evaluate the inelastic deformation response of a unidirectional MMC under

isothermal fatigue conditions, and to obtain a good understanding of the progressive nature of

plasticity and damage leading to failure of the composite. Experiments were performed at room

temperature (RT) and 538 C on 0 ° SCS61Ti 15-3 MMCs with both I5 and 41 volume percent

SCS6 (SIC) fibers. Since the emphasis was to understand mechanisms, rather than to obtain a

statistical data base, the approach involved fewer selective experiments but were followed by

detailed microstructural examinations.

The fatigue response of composites can generally be divided into three regimes: Regimes 1,2 and 3

[7,8], as illustrated in Figure 1. Regime 1 is a high-stress low-life regime, during which failure is

catastrophic, and probably arises because the stress in the fiber approaches its breaking strength.

Regime 2 has similar characteristics as monolithic materials, and in a SCS6/Ti-6AI-4V MMC the

fatigue life at room temperature was found to be comparable with that of the matrix material at

strain ranges of 0.7% and below [9]. At elevated temperatures, however, the MMC life was

shorter than the Ti-6A1-4V matrix life [9]. In the case of a 35 volume percent SCS6/Ti-15-3

MMC, tested at strain ranges of 0.5% and higher at RT, the MMC life was found to be shorter than

the matrix life, and different matrix microstructures had little effect on MMC life [10]. For the

SCS6/Ti-15-3 MMC at 300 C and 550 C [11,12 1, the MMC life also was shorter than the matrix

life at all strain ranges, with MMC life being as much as one order of magnitude lower than matrix

life at lower strain ranges at the higher temperature. Interface effects were suggested as possible

reasons for the large differences in life, although the exact mechanisms were not specifically

investigated. In reference-[ 13], a life prediction approach, based on the 0 ° fiber stress-range was

suggested, based on data obtained from different laminate configurations [13]. While there is
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insufficient evidence to suggest that SCS6 fibers fail in fatigue, there is the possibility of a fiber

damage mechanism (caused by the surrounding reaction zone and matrix), which may be strongly

influenced by the fiber stress range. Another explanation is that the 0 ° fiber-stress approach may

simply reflect the fact that MMC life is matrix swain-range controlled. In reference [14], recent

results on the effects of volume fraction of fibers on the fatigue response of a SCS6/Ti 15-3 MMC

were reported. Although fatigue life differences (for different fiber-content MMCs) were observed

on a stress range basis, the data tended to collapse when compared on a strain range basis, with

small differences between the data sets signifying possible effects of residual stresses and

processing conditions. We shall provide comparisons between our results with those in

[10,11,12,14]. In reference [15], the effects of cut/exposed fibers on fatigue life at 427 C were

found not to be very significant when compared on a strain range basis. If anything, the fatigue

life of a MMC with cut/exposed fibers was longer compared to the MMC with fibers not exposed

to the outside. This behavior may appear rather surprising, given that the matrix life (strain

controUed, R-strain=0) was much larger than MMC life (stress controlled, R-stress=0) at 427

C[11,12]. Referring back to Figure 1, Regime 3 represents fatigue lives greater than 106 cycles.

Both crack initiation and propagation are believed to be difficult in this regime, but there is lack of

data and understanding regarding mechanisms in this domain. We have not investigated Regime 3

in any detail, and shall only cursorily refer to it in this report.

A significant aspect that was lacking in the previous investigations was a detailed understar_ding of

the inelastic deformation mechanisms leading to fatigue failure. For example, how do multiple

cracks nucleate in Regime 2. In the case of monolithic materials, persistent slip bands precede

fatigue crack nucleation. Do they also occur in MMCs? The results of our past investigation [1-6]

on a 0 ° SCS6fri i5-3 MMC under tension loading are summarized in Figure 2, which shows that

reaction-zone cracks play an important role in nucleating plasticity in the micro-yield regime of

deformation (i.e. before bulk plasticity of the matrix). Those results would suggest that reaction-

zone cracks also would play an important role in fatigue. Other important damage mechanisms are

fiber-matrix debonding, matrix cracking, and fiber cracking, and their complex interaction in the

transition regions between different fatigue regimes. The need to understand the damage

mechanisms, their sequence, how they change with temperature, and how they influence

mechanical responses, formed the rationale for the work described here. A preliminary assessment

of results is provided in reference [16].
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EXPERIMENTS

Material

Fatigue experiments were performed on 8-ply 0 ° SCS6/Ti 15-3 MMCs with 15 and 41 volume

percent fibers; one specimen with 35 volume percent fibers also was tested. The MMCs were

consolidated by Textron Specialty Metals using a foil-fiber-foil process, and all the panels utilized

molybdenum (Mo) cross-weaves to hold the fibers in place during consolidation. MMCs with

different volume fraction of fibers were used to obtain a clearer understanding of the fatigue

damage and failure mechanisms. In addition, a few flat Ti 15-3 matrix alloy samples also were

tested. The matrix material was obtained from a panel which was fabricated by HIP-ing 16 plies of

matrix foils using the same processing conditions as the MMC specimens.

All tests were performed on the as-received material, without any further heat treatment. In this

condition, the microstructure is relatively clean, which allows easier understanding of the effects of

cyclic deformation on the dislocation structure in the MMC, and how fatigue cracks nucleate. Note

that Ti-15-3 (Ti- 15V-3Cr-3A1-3Sn alloy, all weight percent) is a metastable beta Ti-alloy with a

body centered cubic (bcc) crystal structure, and in reference [1,6] we had shown that it contains a

very fine omega (hexagonal close packed, hcp) phase which gives the material a planar slip

character at room temperature. At temperatures above 300 C, acicular alpha-phase (hcp) particles

are known [17,18] to precipitate in the microstructure with a fixed orientation relationship with the

parent bcc phase [18]. Heat treatments at temperatures between 400 C and 550 C produce finer

precipitates, and they increase the modulus by about 10 percent [17]. In most of the past fatigue

studies on the SCS6/Ti 15-3 system, the MMCs were subjected to a 700 C/24 hour heat treatment

with the aim of stabilizing the microstructure; such a heat treatment does not alter the modulus of

the matrix alloy by any significant amount compared with the as-received material [17,19].

However, this type of heat treatment cannot prevent the formation of new finer alpha phases when

the specimen is tested or held at intermediate temperatures; i.e., microstructural evolution is an

integral part of the Ti 15-3 system at elevated temperatures. At the same time, as shown in

reference [10], microstructural changes did not havea significant influence on the fatigue life of the

alloy or MMC at room temperature. We would also like to note that in references [3,4,6] we had

shown that the planar slip character of the matrix changed to a diffused non-planar slip character at

538 C. Such differences will have to be borne in mind when interpreting some of the elevated

temperature fatigue results presented later.
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Specimen Design

Dog-bone shaped tensile specimens were machined from SCS6/Ti 15-3 MMC panels using the

electric discharge machining (EDM) technique. The surfaces and comers of the specimens were

subsequently polished to reduce possibilities of major matrix cracks emanating from surface flaws.

Two specimen designs were utilized, as illustrated in Figure 3. The old design involved a shoulder

radius of 63.5 mm (2.5 in.). Although this design was found to be adequate for monotonic

tension loading, it almost always led to shoulder failure during cyclic deformation.

The newspecimen geometry, which was used for most of the experiments, had a 355.6 mm (14

in.) shoulder radius, and was based on the requirement that the maximum shear stress parallel to

the fiber direction in the shoulder region not exceed 0.06 times the nominal tension stress. The

number 0.06 was determined from the observed locations of fatigue cracks in the old design, and

our previous experience [20] with notched MMCs, where shear stress parallel to fibers was found

to have a dominant influence on major fatigue crack sites. In Figure 4, the location and size of

matrix cracks in the MMC with the old design at room temperature are summarized. It was

observed that although matrix cracks nucleated at angles (see Figure 4 for definition) less than 3 o,

they did not grow; in fact, the density of cracks at angles between 0 ° and 3 ° were about the same as

that in the gage section of the sample. These angles were interpreted in terms of the severity of

intralaminar shear stress parallel to fibers.

In reference [21], the shear stresses in the shoulders were calculated for a specimen with 63.5 mm

(2.5 inch) shoulder radius, and the value of the ratio of shear stress at shoulder surfaces to nominal

tension stress (in the gage section) at two different angles are indicated by the vertical lines in

Figure 4. Thus, as shown in the figure, if the ratio is less than 0.06, crack growth or premature

failure at the shoulders may be avoided. The approach then was to obtain a design such that the

maximum value of the ratio was less than 0.06. In reference [21], the shear to nominal stress

ratios were calculated by the finite element method for a 0 ° tensile specimen with different shoulder

radius, and these are illustrated by circular data points in Figure 5; it is worth noting that in the

case of a circular hole the maximum value, obtained from simple formulas, is approximately 0.22,

independent of hole radius. A least squares fit to the data points in Figure 5 indicate that a 317.5

mm (12.5 in.) root radius would likely be sufficient to maintain the ratio less than 0.06. However,

in order to build in some conservativeness, while at the same time trying to keep the overall length

of the sample low, a shoulder radius of 355.6 mm (14 in.) was finally selected. The locations of

fractures for the two specimen geometries (see Figure 3) confirm the success of the design

methodology. Slightly different specimen designs were used for 15 and 41 volume percent fibers,



bothfor conservingmaterial,andfor preventingslippageatthegripsfor thehigherfiber-content
MMC.

Experimental Conditions

Experiments were performed in stress control on a servohydraulic test system equipped with

water-cooled friction grips. All tests were performed at an R-ratio of 0.1. Although specimens

were cycled over a desired stress range, the strain range also remained nearly constant for better

than 85% of life in all tests, at both RT and elevated temperatures. This allowed life data to be

compared on a strain-range basis, as will be discussed later.

Fatigue tests were performed at RT and 538 C at a frequency of 1 Hz, so that average strain rates

ranged between 5 xl0 -3 and 10-2/sec, depending upon the strain ranges used. The tests at 538 C

were performed using induction heating in a stainless steel chamber which was initially evacuated

to 10 -4 torr of vacuum, then backfiUed with argon to 1 psi gage pressure, to maintain air-tightness.

A flow rate of 3 liters/minute was maintained for the argon, which was gettered in a Centorr argon

purifier. The inert atmosphere was used to keep oxidation to a minimum, so that the fatigue data

could be interpreted in terms of the MMC's inherent characteristics, rather than the environment.

Specimen strains (over a 12.5 mm gage length) were monitored at the specimen edges using an

extensometer with ceramic arms, and the stress-strain data were recorded digitally at different

fractions of life. The width and thickness strains also were monitored during two tests at RT,

using a strain gage and extensometer, respectively. In [1-6] we had shown that such off-axis

strains can provide useful information on whether damage or plasticity dominate during

deformation. The same rationale was used here, since off-axis strains could be more sensitive than

axial strains for assessing certain damage modes.

Mechanical tests were followed by detailed microstructural characterization, to identify damage and

failure mechanisms. In some RT experiments, specimens were metallographically polished down

to the first set of fibers before testing, and a replication technique was used to monitor the

evolution of damage during cyclic loading. Transmission electron microscopy (TEM) was

performed on selected specimens to evaluate the dislocation structure and any changes in the phase

relationships. The fracture surfaces were examined optically and using scanning electron

microscopy.
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Mechanical Response

Mechanical Response at RT

Most of the fatigue results were obtained from MMCs with 15 volume and 41 volume percent

fibers. We shall henceforth designate fiber volume fractions using the nomenclature MMC-15,

MMC-41, and MMC-35, where the numbers indicate volume percent of fibers.

Figure 6 shows the effect of volume fraction of fibers on the monotonic stress-strain data at RT;

the monotonic data for 15 and 35% material were generated in this program, and that for 41%

MMC was obtained from [22]. The modulus values obtained from tensile tests were 133 GPa,

179 GPa, and 219 GPa for MMC-15, MMC-35, and MMC-41, respectively; these numbers were

in reasonable accord with the rule of mixtures. The failure strains showed some variability, with

average values indicating a slightly decreasing trend with increasing fiber volume fraction: being

approximately 1.1%, 1.0 %, and 0.8 % for MMC-15, MMC-35, and MMC-41, respectively.

Although lower initial compressive residual stress in the fibers is the most likely explanation for the

trend in the failure strains, we would like to note that MMC-41 had more defects. These included

broken Mo-weaves and, in a few places, the Mo-weave reacted strongly with the outer shell of the

SCS6 fiber. These defects may also have contributed to the lower strain-to-failure of MMC-41,

and possibly could influence fatigue life in the low-life/high-strain-range regime.

Another item in Figure 6 which has bearing on fatigue life is the start of non-linearity in the stress-

strain curves, which was shown [1,2,5] to signify the onset of bulk plasticity in the matrix. The

critical strains were approximately 0.61%, 0.52 % and 0.48 % for MMC-15, MMC-35, and

MMC-41, respectively. The trend in the values can be explained in terms of a higher average axial

residual stress in the matrix with increasing volume fraction of fiber. Note that although the radial

and tangential stresses in the matrix also change with the volume fraction of fibers and the applied

load, those changes are small compared with corresponding changes in the axial stress in the

matrix.

In order to better interpret the fatigue resuIts presented later, we have provided, in Table 1,

estimates of the residual stresses in the fiber and matrix for different volume fraction fibers and at

RT and 538 C. These estimates were obtained using the FIDEP code [23], which is based on the

elastic-plastic concentric cylinder model [24], and which provided excellent correlation with the
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stress-straincurves in Figure 6; a processing temperature of 815 o C was assumed. The constituent

property data used in the calculations are provided in Table 2, which are based on data in [ 1-

3,19,25-28].

Figures 7 illustrates changes in the different strain parameters as a function of fatigue cycles at RT

for a MMC-15 specimen cycled at 615 MPa stress-range (* 0.45 % strain-range). We have also

plotted the effective modulus values, which were obtained from the slopes of the straight lines

joining the end-points of the hysteresis loops. For this particular stress range, there was very little

hysteresis inside the loops; however, the loop widths increased with increasing stress ranges.

Figure 7 shows that the strain range remained fairly constant through 90 % of life, and only in the

last 10% of life did it start increasing. The strain-range increase was accompanied with a

corresponding modulus decrease, and as will be shown later, such changes can be ascribed to

multiple (but not numerous) cracks nucleating and propagating in the matrix. The minimum strain

also increased (ratchetted) towards the end of life, and may have occurred because of prevention of

crack closure during the unloading portion of a cycle. Thus, the observed large increase in

maximum strain towards the end of life likely were caused by two factors: (i) decrease in the

specimen stiffness because of matrix cracking, and (ii) increase in the minimum strain because of

resistance to crack closure.

It is also significant that the maximum strain, within a few cycles of failure, was approximately

0.95 %, close to the failure strain of a MMC-15 monotonic tension specimen. In most other

specimens, the maximum strain at failure ranged between 0.8 and 0.95 %, although there was no

correlation between the maximum strain and specimen life. It appears that by a combination of

matrix cracking and ratchetting (due to crack closure effects), the failure strain of the fibers was

reached, which then resulted in specimen failure. It is also likely that final failure was governed by

the attainment of a critical stress intensity factor, rather than a gross failure strain of the specimen,

although the two are in some ways related. For example, a model [29] for crack growth for 0 °

MMC is based on the requirement that fracture occurs on attainment of a critical strain

(corresponding to the failure strain of fibers) within a short distance ahead of the crack tip; thus, in

the small fatigue samples, at least a few fibers must have reached their critical failure strain, and

these may have influenced the measured maximum strain at specimen failure.

Figure 8 shows data for another MMC-15 specimen, where the width and thickness strains also

were monitored. This specimen failed in 5295 cycles, and the stiffness losses towards the end of

life were less than that for a specimen that lasted approximately 30,000 cycles, suggesting a

smaller amount of matrix cracking before overload failure. The width and thickness Poisson's
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ratio also showed a decrease towards the end of life, consistent with the observed modulus

decrease, and the expectation that the Poisson's ratio should decrease with increased amounts of

damage. However, changes in the Poisson's ratios were small.

Figure 9a shows stress-strain data for a MMC-41 specimen cycled at a stress range of 1358 MPa at

room temperature. For this specimen, a stable hyster_is loop was reached within the first two

cycles, and ratchetting was not observed, at least up to 79 percent of the life; the specimen failed at

503 cycles before the next set of data was recorded. No change in effective modulus was

observed, indicating no imminent specimen failure. Figure 9b is a plot of thickness Poisson's ratio

versus the number of cycles for the same specimen, and this plot shows a very significant decrease

in the Poisson's ratio. Microstructural examination of the failed specimen, discussed later, did not

reveal any matrix fatigue cracks, but showed a significant amount of fiber-matrix debonding and a

few fiber failures away from the fracture surface. Such damage modes are not anticipated to alter

the specimen compliance significantly, as was confirmed in Figure 9a. However, the large

changes in Poisson's ratio were not expected, and additional experiments will have to be conducted

to confu'rn the results. Also, they need to be complemented by elastic-plastic-damage calculations.

Figure 10 is a plot of the stress-range versus specimen life for the MMC specimens and the Ti- 15-3

matrix. The plot includes data from this investigation, as well as those generated on the same

system in references [10,14]; note that in those references, stress-controlled tests were performed

at an R-ratio of 0 rather than 0.1, on MMC and matrix specimens that were heat treated at 700 C

for 24 hours. Also, the matrix specimens had cylindrical geometry, rather than the rectangular

geometry used in this investigation.

Figure 10 shows that for each volume fraction MMC, there was an approximate power-law

relationship between stress range and specimen life, for lives greater than about 2000 cycles.

However, there were life differences between each set of data, with MMC-41 showing a distinct

advantage over MMC-15. It is this stress advantage that has guided the need to incorporate fibers

into a metal matrix.

In the low life domain (<2000 cycles), life was extremely sensitive to the applied stress level,

mainly because small stress changes and the possible growth of small matrix/fiber cracks could set

off large-scale failure of the fibers and the specimen. An additional point to note, with reference to

Figure 10, is that if experiments had been performed on only one volume fraction MMC, then

stress-range may have appeared attractive as a characterizing parameter for predicting fatigue life,

given the relatively narrow scatter band for a particular volume fraction MMC. On the other hand,
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differentlife responsesfor differentvolumefractionMMCs iUustratethatappliedstressrangeis

notafundamentalmaterialparameterthatcontrolslife; hence,theusefulnessof testingMMCs with
differentvolumefractionfibers.

Figure 11showslife datafor thesamespecimensasin Figure10,but ona strain-rangebasis. In

thisplot, thedatafor differentvolumefractionMMCsfall within arelativelynarrowband,

particularlyfor strainrangesbelowapproximately0.6%,suggestingstrain-rangeasafundamental

parameterthatcontrolslife. Figure 11showsthatthedatafor thematrixmaterialalsoagreed
reasonablywell with thatfor theMMCs, for strainrangesbelowapproximately0.5%. From a

deformationmechanismperspective,apossibleimplicationis thatfatiguelife is matrixlife
controlled;it is well establishedthatfatiguelife of metalsarestrainrangecontrolled(through

inelasticplasticdeformation).We shallpresentmicrostructuralresultslater,asfurtherevidenceof
theMMC life beingdominatedby matrixfatigue;however,matrixcracksgenerallyinitiatedat

reaction-zonecracks,suggestingthatthoseregionslikely experiencedthelargestamountof

reversedplasticity.

At strainrangesbetween0.5% and0.65%,theMMC life wasshorterthanthematrix life.
Microstructuralexaminationsshowedthatalthoughthedominantmechanismwasstill matrix

fatigue,bothmatrixcracknucleationandpropagationwereinfluencedbycrackingof the
fiber/matrixreaction-zoneandMo-weaves.In ourearlierwork [1-6] onmonotonicdeformation,it

wasshownthatat strainsat thekneeof thestress-straincurve,therewasbulk plasticityof the

matrixalongwith greatlyincreaseddensityof reaction-zone(rz) cracks.Also, fracturesurfacesof

tensionspecimensshowedMo-weavesonmanyof theplies,andMo-weaveswerealsofound

crackedawayfrom thefracturesurface.TheMo-weavecracksandthegreaterdensityof reaction-

zonecracks,alongwith their associatedplasticity,mayhavebeenresponsiblefor greatlyreduced

livesof MMC specimenscomparedwith matrixmaterialfor strainrangesbetween0.5and0.65%.

At evenhigherstrainranges(>0.65%),theMMC life was very low compared with the matrix.

This domain comprises primarily Regime 1, and is dominated by fiber damage and failure, rather

than matrix cracking. Figure 11 also shows that in this high strain-range regime, MMC- 15 had a

small but significant life advantage over MMC-41. One explanation for the life difference is based

on the compressive residual axial fiber stress which increased with decreasing volume fraction of

fibers (see Table 1). Thus, for a given strain range or maximum strain (since the R-ratio on strain

remained fairly constant in RT tests), the fibers in MMC-41 would be stressed higher than MMC-

15, and likely fail earlier. For example, a 0.1% maximum-strain advantage (or 0.09% strain-

range-advantage at R--0.1) at a given life, translates to a reduced maximum fiber stress of 393 MPa
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(---0.001x393GPa),which is comparableto thecalculateddifferencein theaxial residualstresses
betweenMMC-15 andMMC-41 (seeTable1). Anotherexplanationis thatfor agivenapplied

strain,theaxialmatrix stressimmediatelysurroundingafiber ishigherfor MMC-41 compared

withMMC-15 (seeTable 1). Suchahigherstresscaninducegreaternumberof reaction-zone

cracks,andthedebondingassociatedwith themandconsequentrubbingunderfatiguewouldcause

morewidespreaddamageto thefibersandearlierfailure. A thirdexplanationis basedon the
observedincidenceof greaterdamageof fibersatMo-weavesin MMC-41 comparedwith MMC-15
in theas-receivedcondition,andthefactthatalargefractionof fiberdamageathighstrainranges
werefoundto occuratMo-weaves.Oneorall theabovemechanismsmayhavecontributedto the

lower life of theMMC-41 specimensat thesehigherstrainrangescomparedwith MMC-15. We

shallpresentmicrographslaterto showthenatureof damagecausedby Mo-weaves.

At the loweststrainranges,thedatafor MMC-41 andthematrixappearedto match,whereasthe

lives of MMC-15 specimensappearedto beshorter.Forexample,at0.24% strainrange,the
MMC-41 materialwasunloadedafteralmost4 million cyclesandamatrixspecimenwasunloaded

afterapproximately6.3million cycles,whereasat astrainrangeof 0.25%,aMMC-15 specimen

failed in approximately450,000cycles. It isdifficult to ascribethelife differencesto rz cracksand
interfaceeffects,sinceattheselevelsof strains,rz cracksandlocalizedplasticitywerenotobserved
undermonotonictensionloading. It wasobservedthatthegrainsizesof thematrixmaterialand

MMC-41 werecomparable,andwereapproximatelythreetimessmallerthanthatof MMC-15.

Thus,the life advantagefor thematrixandMMC-41specimensatlow strainscouldbeexplained

simplyon thebasisof agrainsizeeffect. Althoughadditionalconfirmatorytestsareneeded,these

resultshighlightthe importanceof matrix"microstructurein controllingfatiguelife in thelow strain

rangeregime. Theysuggestthatfor fatigueapplications,significantimprovementscouldbemade

by optimizingthematrixmicrostructurefor highfatiguelife andhighcrackgrowthresistance,
while just satisfyingtheminimumstrain-to-failurerequirementfor strength.Also, highvolume
fractionof fiberswouldbebeneficialbothfrom stressandstrainrangebasis,in the long-life low-

strainregime.

Mechanical Response at 538 C

Figure 12a illustrates the stress-strain data for a MMC-41 specimen, cycled at a stress range of 855

MPa at 538 C. This figure shows a number of features typical of all tests performed at 538 C.

During the first cycle there was considerable non-recovered strain, because most of the non-

linearity during initial loading was caused by plastic deformation (not damage) of the matrix [ 1-6].

On the second cycle, however, the stress-strain loop became essentially closed with an almost



12

linearelasticbehavior;i.e.,hysteresiswasnegligible. This behaviorcontinueduntil failureof the

specimen.At thesametime,however,therewasasteadyincreasein theminimumandmaximum
strains,sothat althoughthestress-strainresponseinsidealoop wasnearlyelastic,therealsowas

aninelasticcomponent,whichwasresponsiblefor thesteadyincreasein themeanstrain (or

'ratchetting_)of theMMC. As indicatedin [11], it is mostlikely thatratchettingoccursbecauseof

time-dependentrelaxation(reduction)of thetensilemeanstressin thematrix; sucharelaxation
wouldnecessitatethatfiberstakeupagreaterfractionof theappliedload,causingthemto extend

andincreasethemeanstrain.

Thechangein thevariousstraincomponentsasafunctionof thenumberof cycles,for the

specimenin Figure12a,aredepictedmoreclearlyin Figure 12b.Becauseof theopenhysteresis
loopin thefin'stcycle(Figure12a),theminimumandmaximumstrainsin thefirst cyclewere
determinedfrom only the loadingportion(first half) of thefirst cycle;therewasnoambiguityfor

thesucceedingcyclesbecausetheloopswereessentiallyclosed.Notethatbecauseof theway the
strainswereobtainedin thefirst cycle,andbecausetheextentof inelasticitywasmostpronounced

in thefirst cycle,therewasalwaysajump in thevariousstraincomponentsbetweenthefirst and

secondcycle,with thechangein theminimumstrainbetweencyclenumbers1 and2

correspondingto theinelasticstrainin thefirst cycle. Thestrainschangedin amoreuniform
mannerfrom thesecondcycleonwards.

Figure12bshowsthatafteraperiodof 5000cycles,duringwhichthemeanstrainincreasedalmost

logarithmically,theratesof increaseof thestrainsdecreasedandthemaximumstrainreachedan
almoststeady-statevalueof approximately0.6%. Thissteadystatevaluewaswell below the
failurestrainof theMMC. Onlyafterbetterthan93% of the life did themeanstrainandminimum

strainshowanincrease,whichwassimilarto thecaseof RT specimens.Basedonour

microstructuralinvestigation(to bepresentedlater),webelievethattheupwardtrendin the
minimumstraintowardstheveryendof life waslikely causedbymatrix cracks,consistentwith

theverysmalldip in thespecimenstiffness.Thesecrackswereunableto closeat theminimum
load,thuscausinganetmeasurableincreasein theminimumstrain. Also, in the case of other

specimens with life in Regime 2, small strain-range increases and stiffness decreases were

observed towards the very end of life, in agreement with a matrix cracking phenomenon.

Figure 12b also shows that the strain range was fairly constant at approxirnately 0.45% through

better than 93% of specimen life, in spite of the fact that the maximum and minimum strains

increased by significant amounts throughout the tests. As already indicated, this strain-range
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constancy in stress-range controlled experiments allowed easier interpretation of fatigue life data in

terms of strain ranges.

Figures 13a and 13b illustrate the ratchetting responses for the MMC-41 material tested at stress

ranges of 1030 MPa and 424 MPa, respectively. At 1030 MPa, the mean strain very quickly

settled down to a steady state value, although the maximum strain for this specimen was quite close

to the monotonic failure strain of the MMC. We will show later that failure of this specimen

involved a small amount of matrix cracking followed by overload fracture. For the specimen

cycled at 424 MPa, the period of ratchetting was extremely long, and the maximum strain reached a

value of approximately 0.4%. This specimen was unloaded after 2 million cycles and there was no

evidence of matrix cracks.

Figures 14a and 14b illustrate the stress-strain data for a MMC-15 specimen cycled at a stress-

range of 459 MPa. The responses were similar to those in Figure 12, consisting of a large non-

recovered strain component in the first cycle, followed by a nearly linear elastic stress-strain

response in subsequent cycles, and a continuous ratchetting to failure. A primary difference was

that although both specimens started out at identical values of maximum strain and strain range in

the first cycle, in the case of specimen MMC-15 (No.FI'-2) the inelastic strain was significantly

larger in the f'n'st cycle compared with MMC-41, so that by the second cycle the strain range for

MMC-15 had dropped from 0.45% to 0.38%. However, the strain-range remained relatively

constant from the second cycle onwards for better than 90% of life, after which there was a small

increase likely caused by matrix cracking (observed microscopically). In Figure 14b, the mean

strain did not level off as in the case of Figure 12b, likely because sufficient cycles had not

accumulated to relax all the matrix stresses. Also, similar to the case of the MMC-41 specimen, the

maximum strain at 90% of the life (24,409 cycles) and an extrapolation of the data to 29,097 cycles

(failure) showed that they were well below the failure strain of the MMC, negating a failure mode

based only on overload fracture. Rather, all the mechanical data and microstructural observations

pointed to a matrix crack dominated damage mechanism for that specimen.

Figures 15a and 15b show the mechanical responses for a MMC-15 specimen tested at a larger

stress range of 614 MPa (nominal strain range approx.0.52%). In this case, the strain-range drop

after the fn'st cycle was more significant, although once again the strain-range remained constant

from the second cycle onwards, and did not show an increasing trend towards the end of life. The

hysteresis loops were much wider for this specimen, implying a significant inelastic deformation in

each cycle. Another notable feature of Figure 15b was that by cycle 600, the maximum strain had

reached approximately 1%, which was very close to the tensile failure strain of the MMC. Thus,
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failureat 760cycleswasnot surprising,andweshallprovideevidencelaterthatthefracturewas

causedsimplyby anoverloadingprocess,ratherthanby acombinationof matrix fatiguecracking

followed by overloadfracture.

Thestress-controlledfatiguelife of MMC specimensat 538C (R-stress--0.1)and550C (R-

stress---0)areplotted ona strain-rangebasisin Figure 16,alongwith strain-controlled(R-strain=0)

fatiguedataof thematrix materialat RT,300C, and550C; R-stressandR-straincorrespondto R-
ratios(ratioof minimumto maximum)onstressandstrain,respectively.Notethatthematrixdata

wereobtainedfrom polishedcylindricalspecimens,andtheR-stressvaluewasapproximately0 at

RT andapproximately-1 at 300C and500C. MMC datafor 15,35and41voIumepercentMMC

areincludedin Figure16. Theresultsfrom thecurrentinvestigationindicateanadvantageof
MMC-41 overMMC-15, in contrastto thecasein reference[14],wheretheeffectsof volume

fractionwasnegligibleat 550C. If thedataonly at 538C and550C areconsidered,thentheyfall

within areasonablysmallband,suggestingonceagainastrain-controlledmechanism.Notealso
thatwhereasthecurrenttestswereperformedin argon'thetestsin reference[ll, 14,15]were

performedin air. Thelife datafrom thecurrentinvestigationandtheearlieronesarenotvery
different,andsuggestthateithertheeffectof environmentwassmall,or thatcrackinitiation was
internalandthereforewasnotsignificantlyinfluencedby theenvironment.Micrographspresented

laterpointto the internalcrackinitiationmechanisms,with rz cracksandMo-ribboncracksacting
assitesfor internalcrackinitiation.

Anotherimportantfeatureof Figure16is thatat 538C, thefatiguelife of theMMC was

significantlybelow( by asmuchastwo ordersof magnitude)thatof thematrixmaterial. This was
in contrastto thecaseof RT deformation,wherethematrixandMMC life weresimilarat strain

rangesbelow0.5%. In fact,whereasthematrix life at550C wasgreaterthanthematrix life at

RT, the MMC life at 550 C remained approximately the same as the MMC life at RT. As a result,

the difference between MMC life and matrix life increased with temperature.

Figure 17 provides a comparison of all the data at RT, 538 C, and 550 C. For strain ranges above

0.55%, the life of MMC-15 at high temperatures was certainly degraded compared with the life at

RT. The rapid ratchetting that was observed at 538 C likely was responsible for transferring stress

to the fibers, and the situation was further aggravated by the lower compressive stress in the fibers

at that temperature; this behavior may have caused the fibers to break earlier than at RT. There

also were differences in the damage modes, as will discussed in the next section. For the 41

volume percent MMC, on the other hand, temperature appeared to have negligible effects on life
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for all strain ranges. The reason for the contrasting behavior for MMC-15 and MMC-41 are not

clear at present.

Before ending this section, a final point that needs to be made is whether proper comparisons, on a

strain-range basis, are being made between stress-controlled MMC fatigue and strain-controlled

matrix fatigue experiments. At RT, where softening/hardening and ratchetting were absent in the

MMC experiments, the comparison is valid, so long as the R-strain in the matrix experiments are

identical to the R-strain in the MMC experiments (where R-strain was almost equal to R-stress). In

fact, at RT, the comparison would be inappropriate if R-strain=-I was chosen for the matrix

specimens. At 538 C, R-strain continually increased for the MMC specimens, so that although the

matrix in the MMC was likely undergoing fully reversed stresses (similar to strain-controlled R-

strain=0 matrix tests), the matrix tests did not simulate the exact behavior inside the MMC. An

appropriate control experiment would be to subject a matrix specimen to a constant strain range,

but to continually increase the R-strain, using R-strain data obtained from a corresponding MMC

test. Although this may slightly reduce the difference in lives between matrix and MMC

specimens, it is anticipated that the effect may not be large for a ductile matrix such as Ti-15-3

which deforms by diffused slip at 538 C.

Microstrueture

Room Temperature

The dislocation structure of the fatigued MMC specimens (both MMC-15 and MMC-41) were

inhomogeneous. In many areas, long arrays of dislocations were observed, as shown in Figure 18

for a specimen cycled to failure at a strain range of 0.45%. This type of planar slip character was

similar to the case of tension loading [ 1,2], and in [ 1,6] we had explained the planarity of slip in

terms of the presence of a time, shearable omega phase (hcp) in the beta (bcc) matrix. The intense

planarity of slip also led to fatigue cracks along slip bands, as we will show later in Figure 20b.

In other areas of the same sample, a channel type dislocation structure was observed, as inustrated

in Figure 19. Such dislocation structures (with extremely high dislocation density in the walls) are

characteristic of persistent slip bands (PSBs) in bcc metals [30], and confm'n conclusively that

classical fatigue mechanisms operate in the matrix of the fatigued MMC. This is an important and

new finding. The PSB-type dislocation structure, together with similar lives of the matrix and

MMC material at strain ranges below 0.5%, provide strong evidence that in Regime II, MMC life
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ismatrix fatiguecontrolled.As wewill showlater,thematrixfatiguelife in theMMC wasalso

influencedby thecrackingof reactionzonesandMo-ribbons.Theeffectsof theseadditional

factorsonMMC life dependedon theimposedstrainrange,with thedensityandsizeof those
cracks,andthelikely detrimentaleffectsof thosecrackson fatiguelife increasingwith increasing

strainranges.In additionto thechanneltypedislocationstructures,highly tangleddislocation
arrangementsalsowereobserved,andtheyappearedto beprecursorsto aPSBstructure.

Figure 20ashowsmultiplefatiguecracksin aMMC-15specimencycledat astrainrangeof
0.45%. Most oftenthematrixcrackshadtheir origin in reaction-zonecracksandMo-ribbon

cracks,well embeddedin theMMC. We confirmedtheseembeddedcrackinflation sitesby

polishingthefacesandedgesto differentdepths,aswell asfrom thefracturesurface.Matrix
cracksalsohadtheir origin in fiber cracksatspecimencomersandedges.However,evenhere,
thematrixcracksstartedfrom reaction-zonecracksimmediatelyadjacentto surface-crackedfibers

(damagedby machining).

Figure20bshowsthematrixcrackpath,observedatthesurface(face)of aMMC-15 specimen

whichwaspolishedandetchedprior to testing.Thefigureshowsthatthematrix cracktendedto
follow acrystallographicpath,alongslip bandsin thisplanarslip material.We arenotcertain

whetherthisparticularmatrixcrackinitiatedfromthespecimensurface(face)or hadinitiated

internally. However,asmentionedearlier,fractographyandrepeatedpolishingindicatedthatthe

primarymatrixcrackinitiationsiteswereatreactionzonecracks,eitherinternalor at machining

damagerelatedsurfaces(comersandedges),ratherthanat thesmoothspecimenfaces.

Figure21 is amicrographof thefracturesurfaceof aspecimencycledatastrainrangeof 0.45%.

Thearrows(I) pointto anumberof radialfatiguecracksemanatingfrom thereactionzoneof the
fiber. Thesecracksweretransgranularwith afine facetedcrystallographicappearance(seeFigure

22),andonly in afew areascouldclassicalfatiguestriationsbeobserved;in someareas

(particularlyatMo-ribbons)therewerefiver markingssuggestingevenaquasi-brittletypeof

fracture. As shownin Figure20b,thesurfaceof thespecimenshowedthatcrackstendedto
follow theslip traces,likely becauseof thestrongplanarcharacterof slip, andthefine faceted

appearanceresultedasthecrackwovein andoutof thedifferentparallelslip bands.A similar "

crack morphology was observed for the matrix specimens, although here there was a greater

incidence of striations and relatively less incidence of a flat and quasi-briNe type of appearance as

was observed in the MMC specimens. It is not clear whether the matrix constraint of the fibers and

carbon diffusion from the fibers into the matrix (during processing) play any role in producing the



17

changesin the failure morphology between the MMC and matrix specimens; more investigation

may be warranted here.

When observed optically, the fatigue cracks had a shiny appearance, and a fracture surface

typically showed one or more major fatigue cracks which did not necessarily lie on the same plane.

Also, separate crack initiation sites (from around fibers) were observed inside each of those major

fatigue cracks (see places such as I in Figure 21) suggesting a crack interaction phenomenon.

Throughout the fatigue crack growth region on the fracture surface, the extent of fiber pullout was

extremely small compared with the case of monotonic tension failure. This small pullout occurred

in spite of the fact that polishing of specimen faces to the fiber level showed extended lengths of

debonds (3 to 5 fiber diameters long) on either side of the fatigue-crack plane. The small pullouts

in the fatigue crack growth region is indicative of the fact that the combination of fiber stress and

fiber damage (by rubbing) was most severe at the matrix crack surface regions.

In the fast fracture region, there was extensive fiber pullout. The transition between the fatigue and

fast fracture regions was quite abrupt. This is illustrated in Figure 23, which shows a ductile

dimple type of failure morphology in the fast fracture region (top half of micrograph) compared

with a crystallographic type of fracture in the fatigue crack growth region; note also the flat and

featureless (almost quasi-brittle) regions in some areas of fatigue fracture.

For specimens fatigued at 0.3 percent strain range and higher, Mo-weave cracks were observed on

the fracture surface (see the wavy regions indicated by the arrow marked Mo in Figure 21). The

presence of Mo-weaves on the fracture surface suggest that they likely had a detrimental influence

on both crack initiation and propagation, although it is difficult to quantify the effects without

testing specimens that do not have Mo cross weaves. The amount of Mo-weaves on the fracture

surface generally increased with strain range, and may be indicative that the weaves played a more

dominant role at higher strains. This could explain why MMC life was significantly shorter than

matrix life at the higher strain ranges in Regime 2, where matrix fatigue crack was still the

dominant damage mechanism; however, confirmatory experiments are necessary. It may be worth

pointing out that monotonic tension tests had revealed [1,6] a detrimental influence of Mo-weave

on MMC fracture. Also, fatigue experiments performed at 650 C on SCS6/Ti-15-3 MMCs, with

Ti-Nb and Mo-weaves (the two weaves were present in the same panel), showed [31] that

specimens with the Mo-weave had almost a 200 % reduced life compared with specimens

containing the Ti-Nb weave. Thus, there is sufficient evidence to suggest that Mo-weaves are

areas of weakness, both in monotonic tension and in fatigue. At strain ranges below 0.3%,
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however,thefatiguefracturesurfacesdid notshowevidenceof Mo-weaves,suggestingthatthe

stressandstrainrangesweretoo low toocauseanysignificantdamageof theMo-weave.

A majordamagemechanismobservedin thefatiguedspecimenswastheevidenceof fiber-matrix

debonding.Figure24shows amatrixcrackpropagatingfrom theleft to right in theMMC

specimen.Therearetwo importantpointswewould like to makehere. Oneis thattherewas

significantdebondingoneithersideof thecrackplane,extendingoverthreeto five fiber diameter

lengths. Suchinterfacialdebondspreventfiber failuresaheadof anadvancingmatrixcrack;i.e.,
thedebondsallow for abridgedcrack. At thesametime,however,extendeddebondscause

greaterslippage,andcandamageandfracturethefibersby fiber-matrixrubbingunderfatigue
loading;i.e., althoughsomedegreeof debondingis desirablefor crackbridging,thereis probably

anoptimumlengthbeyondwhich additionaldebondlengthsmaybeundesirable.The
determinationof optimumlengthswasbeyondthescopeof this study. In otherregions,debonds
werealsoobservedaroundisolatedfibers,wherematrixcrackswerenotpresent.Thenumberof

suchdebondsaroundisolatedfibersincreasedwith increasingstressranges.We shallpresent

micrographslaterillustratingsuchisolateddebonds.

Thesecondpoint to notewith respectto Figure24is thedebondthathadoccurredon theleft side

of theright-mostfiber. This latterdebondlikely occurredbecauseof thetensilefield causedby the
matrixcracktoits left, andshear(parallelto thefibers)causedby plasticityof thematrixaheadof
themaincrack. Theextentof this typeof debondingwasnotalwaysasextensive,althoughin

mostcasesreaction-zonecrackswereobservedaroundthefiber immediatelyaheadof themain

crack. In manyinstances,thosereaction-zonecracksgaveriseto individual matrixcracks,which
thenlinkedbackwardswith themaincrack.

Figures25a,25b,and25careopticalmicrographsof replicastakenatthemaximumloadfor a

MMC-15 specimencycledatastrainrangeof 0.3%. Thefaceof thespecimenwaspolisheddown
to thefirst levelof fibersbeforetesting,whichdid damagethefibersandcausedsomeof thefibers

to fail prematurely(within 1000cycles).Thespecimenlife was194,215cycleswhich,

surprisingly,wasin agreementwith datafrom otherspecimens,wherethefacehadnot been

polisheddownto thefiber level.

Themicrographsin Figure25illustratetheprogressionof damage,with thetermssb,cr, anddb

implying slip bands,crack,anddebond,respectively.At 5000cycles,aprematurelycrackedfiber

hadgivenriseto areaction-zonecrack,whichtheninitiatedaslip bandin thematrix,in amanner
similar to thatobservedundermonotonicdeformation[1,2]. A debondbetweenthetwo outer
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layersof theSCS6fibersmayalsobeobservedin Figure25a,consistentwith ananticipated

debondingphenomenon.With continuedcycling,moreslip bandsaccumulated,andat 20,000

cycles(Figure25b),a ModeI crackhadinitiatedin thematrix insidethoseslip bands.This typeof
cyclic plasticityinducedmatrixcrackinitiationwasthedominantmechanismatbothroomandhigh

temperatures,with therz cracksplayingtherole of facilitatingslip bandformation.Thecrack
initiation in thematrixwasfollowedbymatrixcrackpropagation.Figure25cshowsthesituation

atanintermediatepoint, at52,000cycles.Boththecrackstouchingtheright-mostfiberhad
initiatedbeforethemainmatrixcrackhadprogressedall theway,andonly oneof thosenewcracks

thenjoinedupwith themaincrack. Similarcrackingbehavior,in regionsaheadof themaincrack,
wereobservedin manyotherlocations.They illustrate that localized plasticity and cracking ahead

of the main crack also may play an important role in the fatigue crack growth process, contrary to

all current models which assume apriori that the crack is always proceeding from one end to the

other.

When the specimen failed, the matrix crack in Figure 25 had extended over five fibers on either

side of the initiation point. But it was noteworthy that no other fibers failed in the wake. The

situation was, however, different at higher strain ranges, where fibers generally started cracking

(in MMC-15) in the wake, within three to four fibers from the crack tip.

In Figure 26, micrographs (a) and (b) correspond to replicas, taken at 15,000 cycles and 2,000

cycles, respectively, for a MMC-15 specimen cycled at a strain range of 0.45%. Matrix cracks

may be observed in Figure 26a, at locations marked 1,2, and 3. At 2000 cycles (Figure 26b), faint

slip band traces (see tip of fight arrow with marker sb) may be observed initiating from reaction-

zone cracks (see tip region of left arrow with marker rzc). These traces initiate from rzc of intact

fibers, unlike those in Figure 25, where the first slip band could be traced to a fiber crack. In fact,

reaction-zone cracking and slip band initiation at uncracked fibers was the rule, rather than the

exception. With cycling, the slip bands in Figure 26b gave rise to the cracks in Figure 26a. Figure

26c, which is a micrograph of the actual specimen (rather than a replica) shows the situation at

specimen failure. The cracks 1,2 and 3 are now clearly visible, and the entire specimen became

filled with slip bands. In addition, many other fibers cracked, and these we believe occurred

because the fibers were damaged when the face of the specimen was polished down to the first

level of fibers prior to testing. This specimen had a life of approximately 18,000 cycles.

Thus, based on the microstructural observations, the sequence of damage in Regime 2 of fatigue

life may be summarized as follows: slip band nucleation from reaction-zone cracks, surface-

damaged fibers, or cracked Mo-ribbons, their accumulation to form crystallographic matrix cracks,
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thepropagationof thosecracksaccompaniedbyfiber-matrixdebondingandfiber bridgingand
fiber failuresin theirwake,thejoining upof nearbymatrixcracks,andfinally overloadfailureof
theMMC. Thedominantfailuremechanismwasmatrixcracking,and,until overloadfracture,

fiber failurewasrestrictedto thewakeof thematrixcrack. Thereplicationexperimentsindicated

thatamatrixcrackcouldinitiatewithin 5percentof life. However,webelievethatthis low value

wascausedby damageof thefiber duringpolishingto thefiber level. Metallographicexamination

of otherunpolishedspecimens,wheretestswerestoppedatdifferentfractionsof life, indicatedthat
matrixcracksnucleatedonly between30and50%of thelife for specimenscycledatastrainrange

of 0.45%.

In Regime1of life, thefatiguedamagemechanismwasdifferent. Figure27showsthe
microstructureof aMMC-41 specimen(No.FHT-1) thatfailed in 503cycles,andwasthen

polishedto thefiber level. Thefigure showsextensiveslip bands(oneis markedsbin thefigure),
whichhadtheir originbothat reaction-zonecracksandgrainboundaries.This typeof slip activity
wasconsistentwith thefact thatthemaximumstrainwaslargerthan 0.8%,well abovethekneeof

themonotonicstress-straincurve[1,2]. Unlike thecaseof specimensfatiguedin Regime2,no

matrixcrackswereobservedin thisspecimen.Theentirefracturesurfaceindicatedaductile-

dimpletypeof failurewith extensivefiberpull-out,similarto theoverloadregionsin otherfatigue

specimens.It is likely thatsufficientcycleshadnot accumulatedto initiateandgrow matrixcracks
beforethespecimenfailedby overloadingthefibers. However,in theabsenceof matrix

ratchet-ring,(which is ahightemperaturephenomenon)amechanismis requiredto explainwhy
therewasanoverloadfailureafterhundredsof cycles.

A characteristicfeature of specimens (both MMC-15 and MMC-41) fatigued in Regime I was the

occurrence of extensive debonding at the fiber-matrix interface. Figure 28a shows one such

debond (db) around an isolated fiber in a MMC- 15 specimen; see the dark lines with end points

marked by the arrows. We have confirmed repeatedly [1-6] that the debond features, such as in

Figure 28a, are not polishing artifacts. The two small rz cracks around the fiber appear to be too

small to explain the significant length of the debond, which requires a fiber-matrix interfacial shear

stress. Figure 28b illustrates the debonding feature around a fiber in a MMC-41 specimen. In this

case, note how the debond crack has switched position through a crack in the outer ply of the

SCS6 fiber. This type of debonding, involving switching of the debond plane, was more

frequent, although it is not clear how the debonds grew by lengths as much as four times the fiber

diameter, in the absence of a matrix crack. One tentative explanation [32] is that the outer layer of

the fiber may have cracked during the tension part of a cycle because the maximum strain was quite

high. On unloading to the minimum stress, the cracked surfaces likely resisted complete closure
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throughsurfaceasperities,butwerethenforcedinto abucklingtypeof instabilitymodeby the

compressionstressof thefiber (existingfrom thermalresidualstresses).This couldthenintroduce

alargeinterracialshearstressanddrive/initiatedebondsattheinterfaces.Continuedcycling

beyondthatpoint couldthenextendthelengthof thedebond,boththroughdamageof the interface
andredistributionof stressesbetweenthematrix andfibers.

Irrespectiveof whatmechanism(s)wasresponsiblefor theextendedlengthsof thedebond,their

presencepointto a localslippageat theinterfaceduringcyclic deformation.This typeof

slippage/rubbingat theinterfacecancertainlydamagethefiber,causingit to fail at a lowerstress.
In fact,tensiontestsperformedon fibersextractedfrom fatigue-crackregions(atRT) in SCS6/Ti-

15-3specimenshaveindicated[33] fiber strengthsof around2600MPa,comparedwith strengths
of 3600-4200MPathatweredeterminedfor fibersextractedfromtheas-fabricatedmaterial.

Figure29aillustratesafiber crackin aMMC-41 specimenthatwascycledathighstrainranges;
actuallythereis anadditionalfreefiber crackattheleft of themaincrack,asmaybeobservedin

themicrograph.Notealsothebadlydamagedouterlayersof thefiberatthecracksite,andthe

significantlengthsof debondalongthelengthof thefiber. However,isolatedfiber cracksof the
typeshownin Figure29bwerefew, andin otherareasisolatedfiber crackswereassociatedwith a
fiberdefectsuchasasmallbulge/blip.More frequently,fiber crackswereobservedatcracked

Mo-weaves.Figure29bshowsa fiber crackat aMo-weave,andit is noteworthyhow theMo-
ribbonhascut/reactedthroughtheouterlayerof theSCS6fiber duringfabricationof theMMC. In

thisparticularcase,thedebondingwaslikely aidedbycrackingof theMo-weave(observedalsoin
tensiontests[ 1-6]),andtherubbing(duringfatigue)thatensuedafterthatprobablyledto failureof

thefiber. Figure29cshowsanotherregion,wherenowtheMo-ribbonhadcrackedandaidedthe
debondsatthe innerfiber surface.However,thefiber did notcrack,andit is alsosignificantthat

heretheMo-weavehadnotreactedwith theouterlayerof theSCS6fiber.Theseseriesof

micrographsillustratetherole of theMo-ribbonduringfatigueathighstrainranges,andpointout

theimportantneedto controlprocessingconditionsandthechoiceof cross-weaves(avoid,if

possible).

In summary,thefatiguefailure in Regime1wasdominatedby fiber failure. Notethatat room

temperaturetherewasno ratchettingof thespecimenthroughrelaxationof thematrixstress,sothat

damageof thefiberhadto occurwithout anyaccumulationof strain(unlikethatatelevated

temperatures).Themicrographspresentedin Figure29providesomeidea howdamageof the
fibersmayhaveoccurred,sothatthespecimenneededmorethanonecycleto fail.
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Elevated Temperatures

Figures 30a and 30b show different views of the fracture surface of a MMC-41 specimen

(No.FHT-3) that lasted approximately 79,000 cycles at a strange range of approximately 0.45% at

538 C; the corresponding life at RT was only 30,000 cycles. There were two major fatigue cracks

in this specimens, and they lay in different planes. The region outlined by 'xyz' in Figure 30a

shows a semicircular fatigue crack region, and a Mo-weave can be observed on the lower right side

of the micrograph.

A cursory glance at Figure 30a would suggest that the crack may have initiated from the surface,

likely from a surface defect or an oxide scale, although the experiments were conducted in high

purity argon. However, closer inspection of the fracture surface did not provide convincing

evidence that indeed the crack initiated from the surface and grew continuously inwards. The bulk

of the fatigue fracture surface had a feathery (although not crystallographic) appearance, with

striations in some regions. The markings changed orientations near the fibers, and made it difficult

to detect the initiation site.

In Figure 30a, we would like to draw attention to the region enclosed in the area marked 'abcd'.

The cracking morphology, with the outer curvature along 'bcd', suggests that a crack had initiated

at the Mo-weave around the fiber marked 'a'. This crack then grew downwards to meet the

surface. A similar feature, although not associated with a Mo-weave, is also observed at the

bottom of fiber 'e'. It is also notable that these possible crack initiating sites were associated with.

minimum fiber pullout, whereas the row closest to the surface had a longer pullout (although less

than in the fast fracture regions).

Figure 30b shows the region around a Mo-weave at a higher magnification, and suggest that

fatigue cracks initiated at points A and B, and started growing upwards and downwards,

respectively. The matrix cracks at A and B had crystallographic features that were different from

the feathery matrix crack appearance in the rest of the specimen. Those crystallographic type

features may be indicative of Stage I matrix cracks initiating from points A and B, and once again

point to the cracked Mo-weave as an important crack initiating site. The intergranular type failure

of the Mo-weave is also noteworthy in Figure 30b.

Metallographic examinations indicated that cracks also nucleated at surface-cracked fibers at

specimen edges, as well as at cracked reaction zones and Mo-ribbons at specimen comers; those

surface cracks did not grow to specimen failure. Given the limited nature of testing, we are



23

currentlyunableto providestatisticaldataonthedifferenttypesof crackinitiatingsitesandtheir

frequency.However,if weconfineattentiononly to internalcrackinitiatingsites,theirnumber
wasfew, well below thenumberof cracksobservedatRT. Additionally,mostof thosecracks

•initiatedatcrackedMo-weavesratherthanatreaction-zonecracks,suggestingthatcrackedMo-

weaveswerethemorepotent initiating sites.In fact,rz crackswereveryfew at 538C, bothin

thisstudy,aswell asin ourpreviousstudyinvolvingmonotonictensiontests. In reference[11],

theprimarycrackinitiating siteswerealsofoundto beinternal. However,numerouscracksites
wereobservedaroundfibers,in contrastto thisstudy;it is notclearif thedifferencesweredueto

their700C/24hr.heattreatment,thefactthatthematerialhadTi-6A1-4V weave,or thatthetests

wereperformedin air.

Figure31showsthefracturesurfaceof aMMC-15 specimen(No.FT-3)thatlastedonly 760

cyclesat 538C atastrainrangeof 0.52%.Thefracturewascompletelyductileasevidencedby

thedimples,andis consistentwith thefactthatthespecimenhadreachedthefailurestrainthrough
aratchettingmechanism.Thus,Regime1is dominatedby overloadfracturebothatRT andat high

temperatures.

Figure32showsthefracturemorphologyattheedgeof aMMC-41 specimen(No.FHT-5) that
failed in 2,296cyclesat astrainrangeof 0.61%.Exceptfor thesmallregionenclosedby the

letters'abcd'in thefigure,therestof thefracturewasof aductile-dimpletype. Thefatiguecrack

regionin Figure32wasassociatedwith Mo-ribbonfracture,andobservationsathigher
magnificationsindicatedalmostquasi-brittlefracturein smallregionsof thematrixadjacentto the
Mo ribboncrack. Thus,for thisspecimen,wherelife wasin thetransitionbetweenRegime1and

Regime2, limitedmatrixcrackingwasfollowedby fastfracturein mostareasof thesample.

Anotherfeatureof specimenstestedat538Cwasthatdebondingdamage(awayfrom anymatrix

crack)wassignificantlylessthanat RT,suggestingthatisolatedfiberdamageby rubbingmaybe

lessat 538comparedwith RT. Onepossibilityfor thelowerdebondingis thatthefibershad

greatlyreducedcompressivestressat 538C, whichmadeacompression-compressiontypeof

debondingeventhighly difficult.

Figure33showsthedislocationstructurein aMMC-41specimenwhichfailed in approximately

2300cyclesat 538C atastrainrangeof 0.61%.Thecharacteristicfeaturewasthenucleationof

elongatedalphaparticles(whiteparticlesin themicrograph)in thebetamatrix. Theseparticles

likely precipitatedinsitu atdislocationsduringthefatigueprocess.Theyweresurroundedby a
clusterof dislocations,whicharebelievedto beinterfacedislocationsneededto maintain
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compatibilitybetweentheparticlesandthebasematrix. Manyof theparticlesweresheared,which

mayhavebeencausedby theto andfro motionof dislocationsduringfatigue. Planardislocation

arrays,characteristicof RT deformationwasrare,anddeformationappearedto bemoreuniform.
Also,channeltypedislocationstructureswerenotobserved.Theoverallconclusionfrom theTEM

studywasthatthemicrostructurewasconstantlyevolving at538C, andthatslip wasmore

homogeneousratherthanplanar.

DISCUSSION

The mechanical response and damage mechanisms of a 0 ° SCS6/Ti 15-3 MMC were studied at

room and elevated temperatures. Stress-controlled experiments were performed on different

volume fraction MMCs, and comparative analyses of those results helped to obtain a better

understanding of the fatigue process. The results of the study are summarized in this section,

together with a discussion of factors that may have governed the observed mechanical response,

specimen life, and mechanisms.

The tests at RT and elevated temperatures confirm that fatigue life can be broken up into three

regimes, namely Regimes 1, 2, and 3. These regimes occupy different domains of life, and are

based on different damage mechanisms. The mechanisms appear to have a generic character, and

the three regimes can be identified in other MMCs, as has been attemptedin other systems [8]. It

is difficult to specify the exact domains for the three regimes without additional experiments, and

the numbers specified here can only be considered as tentative as well as specific to the SCS6fri

15-3 system.

Regime 1 occupies up to 2,000 cycles, and failure occurs solely by overloading of the fibers: be it

through damage of the fibers, or by stress transfer to fibers through matrix stress relaxation.

Regime 2 occupies life from approximately 5,000 cycles to 500,000, and in this case the dominant

failure mechanism is matrix cracking; the latter includes crack initiation and growth, and the

combined effects of both are reflected in the plot of strain range versus number of cycles to failure.

Crack initiation in this regime occurs by the to and fro motion of dislocations, and crack initiation

sites are reaction zone cracks, Mo-weaves, and fiber cracks, the latter being restricted to surface

cracked fibers from machining defects. The replica experiments confurned that matrix crack

initiation occurred through cyclic plastic derogation of the matrix; the roles of rz cracks and Mo-

weave cracks were primarily to make slip band nucleation easierat those sites. The growth of the

matrix cracks were likely influenced by fiber-matrix debonding, observed on either side of the

crack plane. Regime 3 occupies the domain upward of i million cycles, where cracks do not
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initiate,or evenif theydoinitiate,theyquicklybecomearrested.Thetransitionsbetweenthethree

regimesof fatiguearecomplex,andin thecaseof theRegime1-Regime2transition,acombination

of matrixcrackingandfiber fracturewasobserved.

Thelife of aMMC specimenis influencedby: temperature,theMMC's defectpopulation,the
residualstressin theMMC, thematrixinelasticresponseincludingthekineticsof loadrelaxationat

elevatedtemperatures,thefatiguecrackinitiationlife andcrack-growthratefor thematrix,andthe
incidenceof otherprocessessuchasfiber-matrixdebondingandfiber damageandtheir effecton

overalllife. Incorporatingall thesevariablesinto a life predictionmethodologyis clearlyadifficult

task,consideringespeciallythecomplexityof theMMC architecture.Fortunately,asobservedin

this study,themechanismsandresponsesfollow certaintrendsandcanbegroupedbasedon the

regimeof fatigueandtemperature.Thesecharacteristicmechanismsprovideabasisfor a

systematicapproachto life prediction,which isatthesametime realistic.

Table 3 summarizes the mechanisms and mechanical responses in the three regimes of fatigue and

how they change with temperature. Essentially, there is a competition between matrix crack

initiation and propagation on the one hand, and ratchetting and debonding induced damage of

fibers on the other hand. Which mechanism dominates is dictated by the strain range and

temperature.

With regard to the mechanical response in the stress-controlled experiments, a very characteristic

feature at both room and elevated temperatures for all volume fraction MMCs and for all stress

ranges, was that the strain range attained a reasonably constant value within a few cycles. This

constancy continued for more than 90% of the life at RT and for an even higher life fraction at 538

C, before the strain range showed any noticeable increase due to matrix crack initiation.

The attainment of a constant strain range is believed to be due to two reasons. The most likely

reason, particularly for strain ranges in Regime 2, is the fatigue-induced redistribution of residual

stresses, which can drive the matrix into the realm of almost elastic deformation, without any

significant inelasticity. The net result of the small matrix inelasticity, together with the fiber-

dominated mechanical response of the 0 ° MMC, would be: (i) the absence of any significant

hysteresis in a fatigue cycle, and, (ii) consequently a constancy of strain range for the nearly elastic

MMC response. In fact, the hysteresis loops observed at both RT and elevated temperatures did

illustrate a near elastic response, with the effective MMC modulus suggesting an effective matrix

modulus between 85% and 90% of the matrix modulus in a tension test. Additionally, the loop

widths were less at 538 C (where inelasticity should be larger due to creep) than at RT, reflecting
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thefactthatthematrixmoduluswaslessatelevatedtemperature,andconsequentlyanymatrix

inelasticitywouldhaveanevenlessinfluenceon thefiber-dominatedresponseof theMMC at 538

C comparedwith RT. Theotherreasonfor theconstancyof strainrangecouldbearatherflat

cyclicstress-straincurvefor thematrixmaterial,althoughpreliminarydatain reference[34]

suggestsomelimited hardeningor softening,dependingonthetemperatureandswainrate.

Theconsequenceof constancyof strainrangein thestress-controlledexperimentswasthatwe

wereableto comparefatiguelife onastrain-rangebasisratherthanonly onastress-rangebasis.
Thedatafrom testsondifferentvolumefractionMMCs clearlyshowedthatstrain-rangewasthe

morefundamentalparameterthatcontrolledlife. This is animportantconclusionof thiswork, and
theinferencewouldhavebeenvery difficult if thestrain-rangehadchangedconstantlythroughout

theexperiments.

Therearetwo additionalremarksthatwewouldlike to makehere.Thef'n'stis thatthedatafor a

givenvolumefractionMMC indicatedthatthe life couldbecorrelatedequallywell with thestress
rangeaswith thestrainrange. Ontheotherhand,testswith differentvolumefractionMMCs
showedthatall datacouldonly becorrelatedwith thestrain-range,ratherthanthestress-range.

Hence,theusefulnessof testingdifferentvolumefractionMMCs.

Thesecondandmoreimportantpointis thatthereis ametallurgicalbasisasto why thestrain-range
shouldbethefundamentallife controllingparameter,atleastfor Regimes2 and3, andprobably

for thetransitionbetweenRegimes1and2. Ourdamageandfailure investigationshowedthat

althoughthefinal fracturewasby theoverloadingof fibers,andthoughthestress-strainbehavior

wasdominatedby thestiff elasticfibers,it wasthekineticsof matrixdamagethatdeterminedwhen

thecompositefailed. Thefatigueliteraturegivesoverwhelmingevidencethatthefatiguelife of a
metal,intermetaUic,andevenanioniccrystalwith strongcovalency,is controlledby theimposed

strainrange,mainly becausefatiguedamageoccursthroughinelasticity,by acombinationof
dislocationnucleation,motion,andarrangement.Thus,it is notsurprisingthatfor theMMC,

wherematrix fatiguedominatedlife, thattheimposedstrain-rangeontheMMC shouldbe the

controllingparameter.A furtherconclusiveevidenceof matrixdominatedlife wastheobservation

of thechannel-typedislocationstructureatRT, which is characteristicof thefatigueof bccmetals

[30]. This finding alsohelpedto establishastrain-rangedominatedlife on an even firmer footing.

At elevated temperatures, if one were to observe a hysteresis loop in isolation, the impression from

an almost elastic response would be that inelasticity processes were absent. On the other hand, the
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combinationof datafrom differentloopsillustratethestronginfluenceof inelasticity,whichmust

betakeninto accountin anyrealisticmodel.

Theratchettingbehavioratelevatedtemperaturescanpartiallybeexplainedbya 'stressrelaxation

processin thematrix,asillustratedin Figure34. In reference[11], aconcentriccylindermodel

wassuccessfullyusedto modelthisrelaxationprocess.Themodeldid representthetrendin the
meanstrainreasonablywell, however,betteragreementis desiredbetweenthepredictedand

measuredratesof changein meanstrain. Onereasonmaybethattherelaxationdatawasobtained

from statictests,whereasin fatigueexperimentsthematrixundergoescyclic deformation.In this

work,we took aback-calculationapproach,to determinethestress-relaxationof thematrix from

themeasuredchangein meanstrainof theMMC afterthefirst half of thefirst fatiguecycle.
Assumingiso-strainconditions,andassumingthatall thechangein meanstrain(AEMMC mean)is

dueto astressdrop(A_m) in thematrix,wehave:

Acrm = Az MMC mean * Ef * Vf/(1-Vf) (1)

where Ef and Vf are the elastic modulus of the fiber (see Table 2) and volume fraction of fibers in

the MMC; the latter being 0.15 or 0.41 for MMC- 15 and MMC-41, respectively.

In Figure 35, we have plotted Acrm as a function of fatigue cycles, and also indicated the life and

Vf for each data set. Although one might anticipate that all the data should fall on a single curve

that is characteristic of the relaxation process for the matrix, Figure 35 shows significant

variations, the most notable one being the test at a strain range of 0.61%. The first half cycle of

this test showed a very large inelasticity, including an elastic modulus of only about 170 GPa

(compared with 210-220 GPa for the material), and this may have skewed the relaxation results

somewhat. The rest of the data in Figure 35 do suggest stress relaxation rates that fall within a

rather broad band, and have approximate logarithmic relationships to the number of cycles; our

calculations using the static stress relaxation data on the matrix material in reference [35] also

suggest a logarithmic response to time, independent of the initial stress level

There are some additional points to note with reference to Figure 35. We estimate the maximum

matrix stress at 538 C to be of the order of the matrix flow stress, which can range between 400

and 550 MPa at 538 C [3,4,25], depending on the strain-rate. Consequently, the maximum matrix

stress relaxation that could occur, assuming a zero mean stress after relaxation, would range

between 200 and 275 MPa. The data for MMC-15 indicate that this indeed was the case, with

failure intervening either by matrix cracking or overload of the fibers, depending on the imposed
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strainrange. Ontheotherhand,thedatafor MMC-41 indicatethattherelaxationwassignificantly

larger,suggestingthatthematrix wasforcedinto anapparentlynegativemeanstress.It is difficult
to rationalizethis behavior,andwecanonly offer someexplanations.Oneis thatthefiberswere

alsofailing for thetestsin Regimes2 and3,sincethismechanismwouldcauseanincreasein the
MMC meanstrainwithout aconcomitantdecreasein specimenstiffnessor increasein thestrain

range.Metallographydidreveallimited fiber cracksawayfrom thefracturesurfaceor matrix

cracksfor thespecimentestedatastrainrangeof 0.45%,althoughthemaximumstrainwasonly
0.6%. On theotherhand,athoroughinvestigationof the0.21%strain-rangespecimen(seeFigure

35)hasyet to beperformedto confirmanyfiber failure. Matrix cracksmayalsoaccountfor an
increasein themeanstrainthroughcrackclosureproblemsat theminimumstrain,andbecause

matrixcrackshaveanegligibleeffecton thefiberdominatedresponseof theMMC, particularlyat

hightemperatures.Anotherexplanationmaylie in theeffectof alphaphaseprecipitationon the
stress-strainresponse,includinganyvolumetricchangeof thematrix;weanticipatesucheffectsto
besmall. Overall,thedatadowarrantaccurateassessment(includingtheoreticalandexperimental

investigation)of theratchettingprocess.

Froma life predictionviewpoint,it is desirableto correlateMMC life with thelives of the
constituents.The experimentsatRT showedgoodagreementbetweenMMC andmatrix lives for

strainrangesof 0.45%andbelow,whencomparedonastrain-rangebasis.Theseresultswere

backedupwith micrographswhichshoweddislocationstructuresin theMMC thatwere
characteristicof persistentslip bandsin bccmetals.Thematrix life washigheratthehighel:strain

rangesin Regime2,andmicrostructuralevidencessuggestthatMo-ribbonslikely playedan

importantrolein bothcrackinitiation andpropagation.

In Regime1,on theotherhand,theprimarydamagemodesweredebondingandpossiblythe

damageof thefiber byrubbing,andit is thereforenotsurprisingthatmatrix life did notagreewith
MMC life. Note thatratchettingwasnegligibleatRT,andthefracturesurfacedid notshowany

evidenceof matrix fatiguecracking.We haveofferedonlyatentativeexplanationfor the

debondingprocessin theabsenceof majormatrixcracks.

Perhapsthegreatestdifficulty incorrelatingMMC life with the livesof the constituents lies with

the high temperature data. The plots that were presented earlier show that at high temperatures the

strain controlled life (R-ratio-0) of the matrix could be more than 10 times larger than the MMC

life, even in Regime 2. This difference occurred despite a matrix crack dominated mechanism, as

evidenced by large fatigue crack areas seen on the fracture surface of the MMC specimens. It is

difficult to ascribe the difference between the matrix and MMC life to an oxidation effect, since the
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currentexperimentswereperformedin highpurityargon,whereaspreviousmatrix testswere

performedin air [11]. Additionally,testsperformedat427C in airwith extralayersof matrix,to

preventfiberexposureto machiningdamageandoxidation,showed[15] thatsuchfiber protection,

if anything,marginallydecreasedthelife ratherthanincreasethelife. However,matrixspecimens
weremachinedin theform of smoothroundbarscomparedto fiat MMC specimens,which

containedroughsurfacesandstressrisersatspecimencomersandedges.Thesefactsmay

partiallyexplainthelongerlife of thematrixspecimens.

At hightemperatures,thematrix life increased,likely becausetheRT characteristics,namely,the

planarityof slip andthepropensityto easilyform crystallographiccracksalongslip planes,are

greatlyreduced.On theotherhand,theMMC life washardly influencedby temperature.
Consequently,therewasgreaterdifferencebetweentheMMC andmatrix life athigher

temperatures.Ourlimited studyrevealsthatMo-weavecracksandreaction-zonecracksmayhave

playedimportantrolesatelevatedtemperatures.Thenumberof internalcracksites(bothrz crack
andMo-crack)weremuchlessat 538C comparedwith RT, andit appearsthatMo-ribboncracks

playedamoredominantrole. Theribbonsappearedto crackearly(mostlyby intergranularfailure)
andthosedefectsin turn ledto crackinitiationin thematrix. However,moreexperimentsare

neededto confirm theroleof Mo-ribbons,consideringthatthecurrentlife datawerenotgreatly

differentfrom thosein [11],wherethe550C testsin airwereperformedwith materialthat

employedaTi-6A1-4Vcross-weave.Ourcurrentassessmentof thedetrimentaleffectof Mo-weave

is in agreementwith apaststudy[31],wherecontrolfatigueexperimentsat650C ona SCS6/Ti-
15-3MMC showedthatspecimenswith aMo-weavehadsignificantlyshorterfatiguelife than

specimenswith aTi-Nb weave.

We wouldlike to point out thatthestress-controlledexperimentswereperformedat a loadR-ratio
of 0.1. Thestrainrangesalsoattainedafairly constantvaluein thetests,andat RT theR-ratio on
strainremainedcloseto 0.1. Thus,theRT life measuredin thecurrentstress-controlled

experimentsshouldcoincidewith thosein strain-controlledexperiments,providedthesameR-ratio
wasmaintainedon thestrain. At 538C, however,stressrelaxationof thematrixcontinuously

increasedtheR-ratio onstrainthroughoutthetest. Undertheseconditions,thecurrentlife data

maynotagreewith thosefrom strain-controlledexperiments,wheretheR-ratioonstrainandthe
valueof meanstrainaremaintainedconstantduringatest. Notethatchangesin themeanstrainare

manifestedthroughchangesin themeanstressin theelasticallydeformingfibers. Thelattercan,in

turn,influencethematrixcrackgrowthrate:therateeitherincreasingor decreasingwith increasing

meanfiber stress,dependingonthefiberdamageandfailuremechanismin thewakeof thematrix

crack. Additionally, thefiber stresswould likely determinewhenamatrixcrack(in Regime2)
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wouldbecomeunstable,andcausefailure. Stress and strain controlled fatigue and crack growth

experiments at different R-ratios, including those under fully reversed conditions, would provide

valuable information on the mean stress effect, and on new mechanisms that may operate under

those conditions. Pending such information, a life prediction scheme would remain incomplete.

The sketches in Figure 36 summarize our current understanding of the sequence leading to failure

of the MMC in different regimes of fatigue, and at different temperatures. It may be noted that

fatigue failure is a complex process, and in MMCs it is sensitively dependent on the processing and

loading histories; matrix stress relaxation, defects (such as at Mo-ribbon locations, reaction zones,

etc.), environment, the mean stress/strain, and time-dependent changes in phase distributions, all

can significantly influence which mechanism dominates. Therefore, the sketches in Figure 36 can

only be considered as tentative.

CONCLUSIONS

In this work, stress-controlled isothermal fatigue tests were performed on a 0 ° SCS6/Ti 15-3 MMC

at room temperature and at 538 C. The following are the conclusions:

(i) The fatigue data confirm that it is convenient to divide fatigue into three regimes of life,

based on different damage mechanisms. The exact mechanisms that operate in each regime can

change significantly with temperature.

(ii) Although experiments were performed in stress control with a fixed R-ratio and stress

range, the strain range stabilized very quickly to a fairly constant value, and remained so for better

than 90% of the life at both RT and elevated temperatures. This behavior allowed data to be

interpreted in terms of imposed strain ranges.

(iii) Hysteresis loops were narrow, with the widths decreasing with increasing temperature.

However, whereas the mean strains remained fairly constant in tests at RT, they increased

continually during tests at elevated temperatures; i.e., ratchetting was a characteristic feature of

high temperature experiments.

(iv) The data from tests at different temperatures, and on MMCs with a different volume

fraction of fibers, helped to establish that fatigue life of the MMC in Regime II was controlled by

the imposed strain range.
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(v) At RT andatstrainrahg_sbelow0.45%,therewasgoodagreementbetweentheMMC and

matrixlife. This, together with the TEM observation of persistent slip bands at RT, and

fractographic observations of matrix crack growth, provided conftrmatory evidence that life in that

domain was dominated by fatigue damage of the matrix.

(vi) At RT and at high strain ranges, fractography revealed overload fracture, and

metallography revealed fiber cracks. The major damage mode was fiber-matrix debonding, and the

consequent rubbing under fatigue may have contributed to fiber failure after a certain number of

cycles.

(vii) Reaction zone cracks were found to be important crack initiating sites at both RT and 538

C, in agreement with extrapolations of the monotonic stress-strain response [1-3]. Essentially, slip

bands initiated more easily at reaction zone crack sites, and repeated cycling led to matrix cracks

through classical metal fatigue mechanisms. The growth of fatigue cracks, in turn, are anticipated

to be adversely influenced by fiber-matrix debonding, observed on either side of the crack plane.

(viii) At 538 C and intermediate strain ranges (Regime 2 of life), the MMC life was more than 10

times lower than the matrix fatigue life. On the other hand, fractography and metallography

indicated major matrix cracks, suggesting a matrix fatigue dominated damage. Both internal Mo-

ribbon cracks and reaction zone cracks appeared to contribute to early MMC failure.

(ix) At 538 C and high strain ranges (Regime 1), fractography revealed overload fracture, and

metallography showed fiber cracks but an absence of matrix cracks. Unlike at RT, there was very

little debonding damage. Life in this domain is likely dictated by ratchetting; i.e., by the stress

relaxation kinetics of the matrix.

(x) A tentative understanding has been obtained for the damage sequences in different regimes

of fatigue, and at room and elevated temperatures. These have been presented schematically.

(xi) The results suggest that additional experiments and analyses are needed to assess the

missing links left by this investigation. These include: (a) obtaining a clearer understanding as to

why the MMC life was much shorter than the matrix life at elevated temperatures in Regime 2, (b)

evaluating the exact role of cross-weaves on MMC fatigue life, (c) obtaining a better definition of

the three regimes of fatigue in terms of strain ranges and life, and how the mechanisms interact in

the transition regimes, (d) evaluating the effects of R-ratio on life, and comparisons with strain-

controlled experiments, (e) obtaining additional data on the ratchetting response of the MMC, (f)
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obtainingdataon therelaxationkineticsof thematrixundercyclic loading,(g) obtainingdataon

crackgrowthratesin thematrixandMMC at differentR-ratios,andaugmentingthemwith

analyses,and,(h) incorporatingthemechanicalresponsesanddamagemechanismsintoa realistic

life predictionmodel,andvalidatingthemodelusingcritical experiments.
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TABLE1. CALCULATED RESIDUAL STRESSES IN SCS6/Ti-15-3 MMCs FOR
DIFFERENT VOLUME PERCENT FIBERS.

Fiber Matrix Axial Matrix Radial Matrix Tangential

Temperature Volume Percent Axial Residual Residual Stre._ at Residual Stress at Residual Stress at

° C Fibers Stress, MPa Interface, MI:'a (1) Interface, MPa Interface, MPa Comments

RT 15 -735 130 -173 235 No Plasticity

at Zero Load

35 -425 229 -136 287 ,,

41 -349 243 -I17 284 ,,

538 15 -288 51 -65 89 ,,

41 -133 93 -44 107

* Calculations performed using FIDEP [23], based on the concentric cylinder model; elastic/linearly-plastic calculations.

The constitutive data, used in the model, are provided in Table 2

(1) When the matrix remains elastic, the axial residual stress in the matrix is independent of radius in the concentric

linder model [24].

TABLE 2. CONSTITUTIVE PROPERTIES OF SCS-6 FIBERS AND Ti-15-3 MATRIX

THAT WERE USED IN CURRENT CALCULATIONS (SEE TABLE 1).

Temperature E Coefficient of Therm_ Proportional Poisson's

° C GPa Expan._ion, x E-06PC Limit. MPa Ratio
SCS.6 (SIC-_ Fiber

25 393 4.72 0.19 [19]

300 383 5.03 ,,

5OO 375 5.36 ,,

600 371 5.44 ,,

800 362 5.66 ,,

1000 355 5.75 ,,

Ti.15-3 Matrix

25 91 8.48 710 0.32

300 80 9.30 580 ,,

538 75 10.00 400 ,,

650 67.6 10.26 323 ,,

700 53 10.50 -
ii

815 48 10.90 ,,

Literature review indicates a wide variation in the thermal expansion coefficient of SCS-6 fibers

between RT and 400 ° C, with values of 4.8E-06 [13], 3.5E-06 [27], and 2.2E-06 [19.28]. There

is better agreement in other fiber properties between different references.

Matrix mechanical properties at RT, 538 C, and 650 C., nmasured in our prior investigations [1-3].

Matrix mechanical properties at 300 C obtained from [11]. The rest of matrix properties obtained

from [19]. Linear work hardening rate of matrix varied between 1 and 4 GPa.
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TABLE 3. SUMMARY OF MECHANISMS AND MECHANICAL RESPONSES
DURING FATIGUE AT ROOM AND ELEVATED TEMPERATURES

Temperature Regime Mechanisms and Material Response

RT I

RT 2

RT 3

Elevated

Temperatures

Elevated

Temperatures

Elevated

Temperatures

I

The dominant damage mechanism was overload fiaemre of fibers. This was preceded by

extensive fiber-matrix debonding, and consequent damage of fibers by rubbing at the interface

during fatigue.

The dominant damage mechanism was matrix fatigue, involving both crack initiation and

propagation. Matrix crack initiation occurred through classical plasticity mechanisms,

generally at reaction-zone cracks, since those regions were preferred slip band sites in the

'micro-yield' domain. At low and intermediate strain ranges MMC life was comparable to

matrix life. At higher strain ranges, MMC life was shorter, and both Mo-ribbon cracks and

reaction-zone cracks played important roles here. Interfacial fiber-matrix debonding was

observed, primarily next to matrix cracks, but its effects on crack growth rate and fiber

damage/fracture in the wake were not examined.

Crack initiation was difficult at such small strain ranges; consequently the MMCs showed

endurance behavior. Grain size of the matrix may play an important role in this regime of

fatigue.

The dominant d_age mechanism was overload failure of fibers caused by a ratchetting

(increase in mean strain of MMC) mechanism, through matrix stress relaxation and transfer of

load to fibers. Debonding of the type at RT was small.

The dominant damage mechanism was again matrix fatigue, involving both crack initiation

and propagation. Ratchetting also occurred continuously, but was insufficient to cause

overload failure. MMC life was significantly shorter than matrix life. Matrix crack initiation

sites were mostly internal, at Mo-ribbon cracks and reaction-zone cracks; the former appeared

to dominate. Interracial fiber-matrix debonding was observed next to matrix cracks, and they

likely influenced crack growth rates.

Crack initiation and propagation was difficult, judging from near absence of cracks in this

regime.
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SKETCH ILLUSTRATING THREE___REGIMES OF
FATIGUE

z

REGIME 1

NUMBER OF CYCLES

Figure 1. Sketch illustrating the three regimes of fatigue for composites.

t =

Strain

Figure 2. Sketch iUustrating the progress of plasticity and damage during monotonic deformation of fiber
reinforced MMC.s [Majumdar & Newaz].
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Figure 7. Evolution of the different strain parameters, and the effective elastic modulus, as a function of
the number of cycles for a MMC-15 specimen, tested at RT at a stress range of 615 MPa.
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Stress-strain plots for a MMC-41 specimen cycled at a stress range of 855 MPa at
538 C.
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Figure 13b. Evolution of the different strain parameters as a function of the number of cycles for
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Figure 18. PlanardislocationarraysinaMMC-15specimen,testedatastrainrangeof 0.45% at RT.

Dark Field

%

Figure 19. TEM micrograph obtained from another region of the same specmaen as m r_gure t a,
showing extremely high dislocation density, with a channel type dislocation structure. Such
dislocation structures are characteristic of persistent slip bands in bcc metals, and confirm that
classical fatigue mechanisms operate in the matrix of MMCs.



47

Figure20a. Photomicrographillustratingmultiple fatiguecracksin aMMC-15 specimentested
at astrainrangeof 0.45%atRT.

Figure20b.

50pm :

Crack path and slip bands on the specimen surface, showing the tendency for cracks
to. follow slip bands at RT; strain range of 0.45% at RT for MMC-15.
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Figure21. Fractographof a MMC-15 specimen, cycled at a strain range of 0.45% at RT. The
fracture surface revealed large fatigue crack areas, with multiple cracks nucleating
from around the fiber; a radial crack initiating from the reaction zone around the

fiber is indicated by "I".

Figure 22. A higher magnification micro graph of the fatigue crack growth region at RT
(0.45% strain range), showing the feathery, but crystallographic character of the
crack morphology. The side surfaces of the specimen showed that cracks followed

slip bands, weaving in and out of parallel and intersecting slip bands.
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Figure 23. Fractograph taken near the transition regions between fatigue crack growth and fast
fracture, in a MMC-15 specimen cycled to failure at RT.

Figure 24. Photograph of a MMC-15 specimen fatigued at a strain range of 0.45% at RT, after
the face was polished down to the first set of fibers:
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Figure 25. Photographs of replicas of a MMC-15 specimen tested at a strain range of 0.3% at RT. The
replicas illustrate the progression of plasticity and damage during fatigue. The cycle numbers
are indicated at the top right of each photograph.
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Figurc 26. Photographs of replicas and the specimen taken at different fractions of life. The MMC- 15
specimen was tested at RT at a strain range of 0.45%, and had been polished down to the
first set of fibers before testing. Micrographs (a) and (b) were taken at 15,000 cyclcs and
2.(100 cycles, respectively. Micrograph (c) corresponds to that of the specimen after it had
failed.
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Figure27. Micrographof aMMC-41spccimcnfatiguedatRTatastrainrangeof 0.62%.Thespecimen
hasbeenpolisheddowntotheIirst_'t of fibersafteritsfailurein503cycles.
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Figure 28a. Debonding around an isolated fiber in a MMC-15 specimen fatigued at a strain
range of 0.54% at RT. There were no matrix cracks in the vicinity.
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Figure 28b. Close up view of a debond in a MMC-41 specimen cycled at a strain range of 0.69
% at RT. The morphology of the debonding, and the crack in the outer layer of the
SCS-6 fiber should be noted.

Figure 29a. Fiber crack in a MMC-41 specimen cycled at a strain range of 0.69 % at RT.
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Figure29b. Close-upview of afiber cracknearaMo-weavein aMMC-41 specimenfatiguedat
a strainrangeof 0.7%atRT. NotehowtheMo-weavehasreactedwith theouter
layer of theSCS-6fiber.

- _i_ii̧̧ _i_ ...........................

Figure 29c. Cracking of a Mo-weave for the same specimen as in Figure 29a. Note that the
fiber has not cracked, and also the outer layers of the SCS-6 fiber are intact.
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Figure 30. Different views of the fracture surface of a MMC-41 specimen fatigued at a strain

range of 0.45% at 538 C. (i) Low magnification view of the fracture surface, and,

(ii) high magnification view around a Mo-weave.
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Figure 31. Fracture surface of a MMC- 15 specimen that lasted only 760 cycles at a strain range of
0.52% at 538 C.

Figure 32. Fracture surface of a MMC-41 specimen tested at a strain range of 0.61 cJ, at 538C.
The top left (up to the third column from the left surface) shows a fatigue crack region with Mo
ribbon visible in many places. The rest of the fracture surface showed ductile-dimple and shear-
lip type overload fractures. Notc how the matrix has sheared to almost chisel points at mid-
regions between fibers in the overload region: the hexagonal symmetry is worth noting.
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TEM imageof thematrixof aMMC-41st',ccimenfatiguedat astrainrangeof
0.61okat538C. Thelongwhiteparticleswereidentifiedto bealphaparticles,that
precipitatedinsituduringtesting.The fringes around certain particles represent
interface disl(_:ations.
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Figure 34. Sketch illustrating how stresses in matrix and fibers change during isothermal fatigue
at high temperatures under stress control.
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Figure 35. Calculated decrease in the matrix mean stress as a function of the number of cycles in
the tests conducted at 538 C. Calculations based on the observed increase in the
mean strain
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Figure 36. Sketches illustrating our current understanding of the fatigue damage process in Ti-
based MMCs. (a) R.T, at intermediate strain ranges (Regime 2); (b) RT, at high strain

ranges (Regime I); (c) Elevated temperatures, at intermediate strain ranges (Regime
2); (d) Elevated temperatures, at high strain ranges (Regime 1).
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There is a continuous increase in mean strain (ratchetting) with the strain range remaining
fairly constant. However, the primary damage mode is matrix cracking, as illustrated
here. Both cracked Mo-weaves and reaction-zone cracks are important crack initiating
sites, with the former appearing to play a larger role in specimen fracture.

Figure 36. Sketches illustrating our current understanding of the fatigue damage process in Ti-
based MMCs. (a) RT, at intermediate strain ranges (Regime 2); (b) RT, at high strain

ranges (Regime 1); (c) Elevated temperatures, at intermediate strain ranges (Regime
2); (d) Elevated temperatures, at high strain ranges (Regime 1).
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tl Elevated Temperatures. At High Strain Ranges (Regime 1)

2 3

Specimen strains continuously increases from 1 to 3,
through stress relaxation of the matrix. Ultimately, the
fibers crack (see 3) when their critical strain is reached,

followed immediately by specimen failure.

Figure 36. Sketches illustrating our current understanding of the fatigue damage process in Ti-
based MMCs. (a) RT, at intermediate strain ranges (Regime 2); (b) RT, at high strain

ranges (Regime 1); (c) Elevated temperatures, at intermediate strain ranges (Regime
2); (d) Elevated temperatures, at high strain ranges (Regime 1).
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